It remains unsettled whether human language relies exclusively on innately privileged brain structure in the left hemisphere or is more flexibly shaped through experiences, which induce neuroplastic changes in potentially relevant neural circuits. Here we show that learning of second language (L2) vocabulary and its cessation can induce bidirectional changes in the mirror-reverse of the traditional language areas. A cross-sectional study identified that gray matter volume in the inferior frontal gyrus pars opercularis (IFGop) and connectivity of the IFGop with the caudate nucleus and the superior temporal gyrus/supramarginal (STG/SMG), predominantly in the right hemisphere, were positively correlated with L2 vocabulary competence. We then implemented a cohort study involving 16 weeks of L2 training in university students. Brain structure before training did not predict the later gain in L2 ability. However, training intervention did increase IFGop volume and reorganization of white matter including the IFGop-caudate and IFGop-STG/SMG pathways in the right hemisphere. These "positive" plastic changes were correlated with the gain in L2 ability in the trained group but were not observed in the control group. We propose that the right hemispheric network can be reorganized into language-related areas through usedependent plasticity in young adults, reflecting a repertoire of flexible reorganization of the neural substrates responding to linguistic experiences.
Introduction
Language relies on both innate ability and experiences (Kuhl, 2010; Hsu et al., 2011) , making understanding of experience-dependent shaping of language systems an essential theme for language neuroscience. The neural mechanisms of experienced-induced first language (L1) development are difficult to study since L1 is acquired through infancy-childhood. Understanding of second language (L2) learning is therefore important because it should also invoke basic mechanisms of language acquisition.
Vocabulary is important for proficiency in any language (Coady and Huckin, 1997; Grogan et al., 2012) , but neural mechanisms of L2 vocabulary learning remain unclear. L2 vocabulary learning is achieved through interactions with the already existing L1 lexicon in adults (Ellis et al., 1999) . For example, L2 stimuli spontaneously activate the L1 lexicon (Thierry and Wu, 2007) , and individuals with high L1 vocabulary competence have an advantage in L2 vocabulary learning (Meschyan, 2002) . However, despite these interactions, the L1 and L2 lexicons may be differentially structured; it has been proposed that the L2 lexicon is more phonologically organized compared with the L1 lexicon strongly connected with the semantic system (Laufer, 1989) . Hence, L2 vocabulary leaning in adults would induce reorganization predominantly in the phonological system nested with the semantic system. These features may make L2 vocabulary learning in adults a unique paradigm for exploring repertoires of dynamic neural reorganization of the language system, especially in the case of linguistically distant languages such as English and Japanese (Chiswick and Miller, 2005) .
L2 learning may accompany macroscopic structural alterations of the language system. Recent neuroimaging studies have revealed plastic changes of gray matter (GM) during learning of various cognitive and motor abilities (Draganski et al., 2004; Mechelli et al., 2004) . The analysis of fractional anisotropy (FA) computed from diffusion-weighted magnetic resonance imaging (DWI) can index organization of white matter (WM) microstructure, and allows us to visualize plastic changes of WM Zatorre et al., 2012) . Very recently, a few L2 learning studies have shown GM (Mårtensson et al., 2012) and WM (Schlegel et al., 2012) changes in the traditional language network in the left hemisphere.
Previous neuroimaging studies have, however,demonstrated roles of the right hemisphere in language ability (Vingerhoets et al., 2003; Videsott et al., 2010; Vigneau et al., 2011; Van EttingerVeenstra et al., 2012) and in L2 control (Hernandez et al., 2001; Hosoda et al., 2012) . One of these found correlations between right prefrontal activity and L2 vocabulary competence (Hosoda et al., 2012) . To explore neural plasticity associated with L2 vocabulary learning, we first explored the neural underpinnings correlated with L2 vocabulary competence in a cross-sectional study, revealing GM and WM structures correlated with L2 vocabulary levels predominantly in the right hemisphere. We then ran a cohort study implementing an L2 training program to test whether those L2 vocabulary correlates reflected innate predispositions or plastic changes resulting from learning. We further examined the natural course of the induced structural changes. Here we provide evidence that L2 vocabulary learning induces dynamic reorganization of GM and WM structures outside of the typical language network in adult brains.
Materials and Methods
Subjects. In the cross-sectional study, 137 native Japanese speakers (71 males and 66 females) with a mean age of 24.0 years [SD ϭ 5.3, were enrolled (Table 1 ). All subjects were university students or graduates whose self-reported English (L2) proficiencies varied from low to very high to the level of Japanese-English bilinguals.
In the cohort study, 67 native Japanese speakers (mean age ϭ 20.1, 31 men and 36 women) were initially placed into a training group (TG). In the TG, 24 of 47 participants completed the planned 4 month training, whereas the remaining 23 participants opted not to continue during the course of training for various reasons. Hence, we studied 24 TG participants (mean age ϭ 20.1, 10 men and 14 women) and an age-matched control group (CG; n ϭ 20; mean age ϭ 20.1, 10 men and 10 women). The participants in the cohort study were university students and recruited from basic level English classes (Table 1 ). The participants in the cross-sectional study and those in the cohort study did not overlap.
In both studies, the participants had grown up in Japan and started to learn English as their L2 at a mean age of 11.0 years. None had started to learn L2 before 7 years old, and thus all participants were regarded as late L2 learners (Dowens et al., 2010) . All the participants were right-handed as assessed by the Edinburgh Handedness Inventory. All of the participants showed handedness scale of 100 (SD ϭ 0) because we only recruited the perfectly right-handed participants, revealing the contents of handedness inventory in the recruitment information. All were healthy and neurologically intact, with no history of neuropsychiatric disorders, psychotropic medication use, or head injury. All the participants gave written informed consent according to the study protocol approved by the institutional review board (National Center of Neurology and Psychiatry).
Experimental design. In the cross-sectional study, the participants underwent MRI scanning (T1-weighted images and DWI) and assessment for English proficiency using the English Vocabulary Test (EVT) and the National Adult Reading Test (NART). The T1-weighted MRI provided the data for voxel-based morphometry (VBM) analysis of the GM volume, and the DWI allowed for tract-based spatial statistics (TBSS) and probabilistic diffusion-based tractography (PDT).
In the cohort experiment, we adopted the Test of English for International Communication (TOEIC) as a primary measure to evaluate various L2 abilities. The TOEIC assesses English proficiency for use in business, providing a fairly accurate measurement of English capabilities for non-native speakers in listening, reading, and grammar. The EVT and NART were used as adjunctive measures of L2 proficiency. Additionally, the Wechsler Adult Intelligence Scale-3 (WAIS-3) and NEO-Five Factor Inventory (NEO-FFI) were used to confirm homogeneity of basic intelligence and personality traits between the TG and CG.
All participants underwent MRI scanning (T1-weighted MRI and DWI) and an L2 assessment battery before training, hereafter referred to as the "Pre" condition. The L2 training program was developed in-house using Visual Basic. Participants undertook 16 weeks of training, and in each week they learned 60 words or idioms including the meaning, spelling, and pronunciation as well as example sentences indicating their usage. For pronunciation, we referred to the AT&T Natural Voices Textto-Speech Demo (http://www2.research.att.com/ϳttsweb/tts/demo. php). The participants were encouraged to dictate each word, idiom, and sentence 10 times. Each weekend, we distributed a program that included a review test using the 60 words or idioms of the week. Upon completing the full program, the participants were expected to master almost 1000 words and idioms. Participants in the CG received no particular assignment according to previous cohort studies using e-learning (Takeuchi et al., 2010; Mårtensson et al., 2012; Schlegel et al., 2012; Wan et al., 2012; Ghazi Saidi et al., 2013) .
The participants in both the TG and CG underwent an L2 assessment battery immediately after the training period ("Post-1"). After completion of the training program, the participants were not further engaged in specific L2 learning programs systemically, and thus the continuation of L2 learning depended upon each participant's choice in personal life. We obtained follow-up behavioral and imaging data from the TG group a year after the end of the training program ("Post-2"). Statistical tests on the behavioral parameters were performed using SPSS 17.0 (IBM). To explore training-induced changes in L2 abilities, we analyzed total TOEIC score and its subsections (listening, reading, and grammar) using a 2-by-2 mixed repeated-measures ANOVA with the time (Pre and Post-1) as a within-subject variable and the group (TG and CG) as a between-subject variable. Next, a correlation analysis was performed to test if the training-related changes in TOEIC score were correlated with those of EVT or NART score.
Image data acquisition. MRI data were acquired using a 3 T MRI scanner (Siemens Trio) with an 8-channel phased array receiver coil. Highresolution, 3D, T1-weighted anatomical images were obtained with an MPRAGE sequence designed as follows: repetition time (TR) ϭ 2000 ms, echo time (TE) ϭ 4.4 ms, inversion time (TI) ϭ 990 ms, flip angle ϭ 80°, matrix size ϭ 192 ϫ 176, field of view (FOV) ϭ 192 ϫ 176 mm and 1 mm 3 isotropic voxels. We also acquired whole-brain DWI as follows: TR ϭ 7900 ms, TE ϭ 80 ms, 65 slices, flip angle ϭ 90°, matrix size ϭ 96 ϫ 96, FOV ϭ 192 ϫ 192 mm, 2 ϫ 2 ϫ 2 mm 3 isotropic voxels, 81 volumes with diffusion weighting (b value ϭ 700 s/mm 2 ) for different motion probing gradient directions and 9 volumes without diffusion weighting (b ϭ 0 s/mm 2 ). Field-map images were acquired in the same scanning space as the DWI (TE1 ϭ 5.19 ms; TE2 ϭ 7.65 ms). All image data were (2) The diffeomorphic anatomical registration through exponentiated Lie algebra (DARTEL) registration method was used to create a study-specific mean GM image template by using the aligned images from all the subjects to improve intersubject registration (Ashburner, 2007) . Individual's GM images were registered to the study-specific mean GM template. (4) The registered GM images were further transformed into the Montreal Neurological Institute (MNI) space. (5) These normalized GM images were smoothed using a Gaussian kernel of 12 mm full-width at half-maximum.
In the cross-sectional study, we investigated the correlations of EVT or NART scores with regional GM volume. A multiple regression design was used using EVT or NART score as an independent variable and sex, duration of L2 learning, and age of acquisition as nuisance variables. We set the voxelwise significance level at p Ͻ 0.05 corrected for multiple comparisons in terms of the familywise error (FWE) rate. After identifying the inferior fontal gyrus pars opercularis (IFGop), superior temporal gyrus (STG), and caudate nucleus as the correlates of L2 vocabulary, we further investigated which hemisphere was more relevant. We computed the laterality index (LI) of GM volume correlated with L2 vocabulary competence (EVT), by using mean ␤-values computed from 5 mm spherical volumes of interest (VOIs) in IFGop (x, y, z ϭ Ϯ40, 9, 24), STG/supramarginal gyrus (SMG; x, y, z ϭ Ϯ57, Ϫ36, 6), and caudate nucleus as follows (x, y, z ϭ Ϯ6, 8, 8) . All of these VOIs were defined in the left hemisphere, and thus mirror-reversed VOIs were created for the right hemisphere.
The selection of VOI (IFGop, STG, and caudate nucleus) was based on the results from previous studies (Crinion et al., 2006; Saur et al., 2008) . The LI ranges from Ϫ1 (completely lateralized to the right) to ϩ1 (completely lateralized to the left). Individuals with an LI of Ͼϩ0.4 or ϽϪ0.4 were categorized into the left or right hemisphere dominant group, respectively, while those with LI between Ϫ0.4 and ϩ0.4 were placed into the bilateral representation group (Briellmann et al., 2003) .
In the cohort study, we first tested the possibility that GM volume before L2 training could predict the degree of L2 ability improvement after training. Positive results from this analysis would support the hypothesis that particular brain regions are reserved for L2 vocabulary learning. If such were the case, people with particularly developed structures somewhere in the brain might show better L2 learning ability. To test this hypothesis, a correlation analysis was performed using the MRI data of the Pre condition and the training-related improvements in L2 ability (differences in TOEIC scores between the Pre and Post-1 conditions). Next, to explore training-induced changes in GM, we conducted a 2-by-2 mixed repeated-measures ANOVA with time (Pre and Post-1) as a within-subject variable and group (TG and CG) as a between-subject variable. The regions showing significant time-by-group interaction ( p Ͻ 0.05, FWE corrected) were explored. Third, a correlation analysis was performed to test if the training-related changes in TOEIC score were correlated with those of GM volume in right IFGop. This analysis tested if individual differences in brain plastic changes accounted for individual differences in L2 performance improvement after training.
Image data analysis: DWI-TBSS. Data preprocessing and analysis of DWI were performed using Oxford Centre for Functional MRI of the Brain (FMRIB)'s software library (FSL 4.1, UK; http://www.fmrib.ox.ac. uk/fsl/]. All DWI were registered to the b0 images. Nonlinear image distortions due to magnetic field (b0) inhomogeneity were corrected based on the field map images, using FUGUE in the FMRIB software library. The registered images were skull stripped using the Brain Extraction Tool. FA maps were calculated using the FMRIB's Diffusion Toolbox (FDT) v2.0 (Smith et al., 2004) . After calculation of the FA map for each subject, we implemented a voxelwise statistical analysis of the FA data using TBSS v1.2 (Smith et al., 2006) . In brief, TBSS was performed as follows: (1) alignment of the FA images from all subjects to a template that was arbitrarily selected from those FA images, (2) transformation of all the aligned FA images into MNI space using affine registration to remove the effect of cross-subject spatial variability (Kerns et al., 2004) , (3) creation of a mean FA image and FA skeleton images corresponding to the center of the WM using a threshold of FA Ն 0.20 (Smith et al., 2006) , (4) projection of the individuals' FAs onto the mean FA skeleton, and (5) voxelwise cross-subject statistical analyses.
As water molecules move faster along the direction of WM fibers than in the direction perpendicular to them, the direction and size of water diffusion in the brain can index structural organization of WM fibers (Le Bihan and Johansen-Berg, 2012; Zatorre et al., 2012) . DWI can measure water diffusion noninvasively in vivo. FA is a parameter computed from DWI according to tensor-based modeling of water diffusion, and represents the degree of directional bias of water diffusion. FA is sensitive to size and density of axons, degrees of myelination, and the coherence of organization of fibers within a voxel (Beaulieu, 2002; Alexander et al., 2007; Zatorre et al., 2012) In the cross-sectional study, correlations of L2 proficiency (EVT or NART) with FA values as an index of WM organization were tested using Randomize v2.1 in FSL. The statistical threshold was set at p Ͻ 0.05 (FWE corrected), and the threshold-free cluster enhancement method was used to define the clusters.
In the cohort study, similar to the VBM analysis, we first tested the possibility that structural organization of WM before L2 training could predict the degree of L2 ability improvement after training. Recent literature indicates that training-induced changes of FA can capture plastic reorganization of WM (Johansen-Berg, 2007 Flöel et al., 2009; Scholz et al., 2009; Zatorre et al., 2012) . Activity-dependent myelo-modulation is a potential mechanism by which WM is carved by experiences. Such structural WM changes, including production of myelin basic protein, are correlated with changes in FA (Blumenfeld-Katzir et al., 2011) . Changes in myelination may alter conduction velocity and synchronization of signal transmission across the remote areas (Fields, 2005) , relating probably to behavioral changes. To capture such learning-induced reorganization of WM, we conducted a 2-by-2 mixed repeated-measures ANOVA with time as a within-subject variable and the group as a between-subject variable ( p Ͻ 0.05, FWE corrected), yielding FA changes specific to the L2 training program. A correlation analysis was performed using FA images (Pre) and the changes in TOEIC scores from the Pre to Post-1 conditions.
Image analysis: multifiber PDT. We conducted PDT using FDT (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FDT). We performed tractography by tracing pathways through the estimates of diffusion directions. A multifiber model was used to handle the issue of fiber crossing. In each voxel, two fiber directions were modeled, and a probability distribution function (pdf) of diffusion parameters was estimated. We then proceeded with PDT, drawing multiple (5000) streamline samples based on the pdf and estimated the distribution of connections from each seed to target voxels. The generated pathways were volumes in which values at each voxel represented the number of samples passing through that voxel. The voxel value corresponded to the probability of the target voxel connecting to the seed voxel. To remove spurious nonsignificant connections, pathways in individual subjects were thresholded to include only voxels that had at least 50 samples passing through them (out of 5000 samples drawn from each seed voxel).
Previous studies have pointed to the role of the caudate nucleus in L2 (Crinion et al., 2006; Abutalebi et al., 2008; Grogan et al., 2009; Hosoda et al., 2012; Mårtensson et al., 2012) . Moreover, the present TBSS result suggested a correlation between L2 ability and WM situated between the IFG and the caudate nucleus and temporoparietal junction (STG/SMG). In the cross-sectional study, therefore, a correlation analysis was performed to investigate the correlation between an L2 proficiency index (EVT or NART score) and the WM connectivity parameter computed from the bilateral IFGop-caudate and IFGop-STG/SMG corresponding to the dorsal pathway (Rilling et al., 2008; Saur et al., 2008) . The whole caudate nucleus was manually defined for a target mask in each hemi-sphere according to each subject's 3D T1-weighted image (Peltier et al., 2011) . A spherical VOI with a 5 mm radius was used as a seed mask for the IFGop. The dorsal pathway corresponds to fibers connecting IFGop and STG, and includes arcuate fasciculus (AF) and parts of superior longitudinal fasciculus (SLF; Rilling et al., 2008; Saur et al., 2008) . According to a previous study (Saur et al., 2008) , we implemented 5 mm radius spherical VOIs in the bilateral IFGop and STG/SMG for the dorsal pathway. We performed PDT within each hemisphere: IFGop-caudate nucleus and IFGop-STG/SMG (dorsal pathway) (four tracts in total).
In the cohort study, in addition to the IFGop-caudate and IFGop-STG/SMG pathways, we also assessed correlations between the L2 competence and other long frontoparietal/temporal association tracts that are reported to be relevant to language processing/learning. We considered the ventral language pathways and inferior longitudinal fasciculus (ILF). The ventral pathway connects IFG pars triangularis (IFGtri) and middle temporal gyrus (MTG), passing through the extreme capsule. ILF connects medial temporal lobe with the temporo-occipital junction, and is suggested be relevant to lexical-semantic language processing (Catani and Mesulam, 2008; Rilling et al., 2008; Saur et al., 2008) . We implemented 5 mm radius spherical VOIs in the bilateral IFGtri (BA45, x, y, z ϭ Ϯ48, 27, 12) and MTG (x, y, z ϭ Ϯ48, Ϫ60, 18) for the ventral pathway. We placed VOIs in the medial temporal lobe (x, y, z ϭ Ϯ40, Ϫ20, Ϫ7) and temporo-occipital junction (x, y, z ϭ Ϯ35 Ϫ68, Ϫ6) for ILF according to a previous study (Jou et al., 2011) . We performed PDT within each hemisphere: IFGop-caudate nucleus, IFGop-STG/SMG (dorsal pathway), IFGtri-MTG (ventral pathway), and ILF (eight tracts in total). The voxel values indexing probabilistic strength of connectivity across the two regions were averaged within each PDT pathway and then subjected to logarithmic transformation, producing a parameter for statistical analyses (hereafter called the connectivity parameter). Statistical tests on the connectivity parameter computed from PDT were performed using SPSS 17.0 (IBM).
In the cohort study, we performed a 2-by-2 mixed repeated-measures ANOVA with time as a within-subject variable and the group as a between-subject variable. In addition, a correlation analysis was performed to test if the training-related changes in TOEIC score were correlated with those of the connectivity parameter from the eight tracts: bilateral IFGop-caudate pathway, dorsal pathway, ventral pathway, and ILF. Moreover, to test the possibility that connectivity of the specific tracts before intervention could predict the degree of improvement in L2 ability, a correlation analysis was performed between the connectivity parameter of the PDT in the Pre condition and the improvement of L2 proficiency.
Analysis of follow-up behavioral and imaging data.
Only in the training group, for which follow-up data were available, TOEIC score, GM volume, FA value, and the strength of connectivity of the eight specific tracts were compared across the Pre, Post-1, and Post-2 conditions. To retrieve the GM volume and FA values of interest, we applied spherical VOIs with a 5 mm radius to the right IFGop and WM beneath the right IFG based on the results from the cross-sectional study. The data were fed into a oneway repeated-measures ANOVA, followed by post hoc comparisons with Tukey's HSD test. Finally, we ran a correlation analysis between the GM changes from the Pre to Post-1 or Post-1 to Post-2 and FA changes from the Pre to Post-1 or Post-1 to Post-2. This analysis suggested the existence of different subgroups following the completion of training. Indeed, three participants continued L2 learning of their own motivation after our intervention, while the rest of the participants (n ϭ 21) did not. Hence, a subgroup analysis was conducted to compare the changes of TOEIC, GM, or FA from Post-1 to Post-2 between the two groups. Because one of the groups consisted of a small number of participants, we performed this test with a nonparametric, Mann-Whitney U test.
Results
Cross-sectional study Mean EVT and NART scores were 20.6 and 41.8, respectively (Table 1) . The large variance of these values supported that L2 proficiency of the participants was variable.
The VBM analysis showed that individuals with more extensive L2 vocabulary (EVT) had significantly larger GM volume in the IFGop corresponding to Brodmann area (BA) 44, caudate nuclei, STG/SMG, and anterior cingulate cortex, all bilaterally (Fig. 1, Table 2 ). The correlation of the EVT score and GM volume was found more strongly in the right hemisphere for the IFGop (LI ϭ Ϫ0.40) and within the range of symmetry for the caudate nucleus (LI ϭ Ϫ0. the left hemisphere (IFGop-caudate, p ϭ 0.09; dorsal pathway, p ϭ 0.11; Fig. 1 ).
NART score did not correlate with GM volume (VBM analysis) or FA value (TBSS analysis) at the predetermined statistical threshold. When a lenient threshold (uncorrected p Ͻ 0.001) was applied to the VBM analysis, we detected a trend toward correlation between NART score and GM volume in the middle temporal and postcentral gyri in the left hemisphere.
Cohort study: behavioral data
Baseline profiles did not differ between the TG and CG participants in terms of age, sex, IQs, personality traits, or L2 ability (Table 1) .
The total learning time, recorded on log files, was 45.5 h (SD ϭ 3.6, range 25.1 Ϫ 64.6) across the whole training period. Just after L2 training (Post-1), the TG showed a 29 Ϯ 21.3% (mean Ϯ SD) improvement in total TOEIC score, whereas the CG group showed no change (0 Ϯ 8.1%; Fig. 2a) , revealing the significant effect of L2 training (F (3,82) ϭ 27.15, p Ͻ 0.001 by mixed repeated-measures ANOVA; Table 3 ). Specifically, improvement was found in the listening (F (3,82) ϭ 17.64, p Ͻ 0.001) and reading (F (3,82) ϭ 10.15, p ϭ 0.001) sections of TOEIC, but not in the grammar section (F (3,82) ϭ 0.50, p ϭ 0.42; mixed repeatedmeasures ANOVA). This finding is reasonable because the training program included items for vocabulary and listening (i.e., pronunciation), but not for grammar. The changes in TOEIC score paralleled those of the EVT score (r ϭ 0.41, p ϭ 0.03), whereas no correlation was found with those of the NART score (r ϭ 0.15, p ϭ 0.53).
Follow-up L2 proficiency tests were obtained in the TG participants a year after the training program. One-way repeatedmeasures ANOVA showed significant differences in TOEIC score across the three time points (F (1.8, 38.6) ϭ 24.96, p Ͻ 0.001 by repeated-measures ANOVA with sphericity correction). Post hoc comparisons (Tukey's HSD test) demonstrated significant increases in score from the Pre to Post-1 ( p Ͻ 0.001) conditions and significant decreases from Post-1 to Post-2 ( p ϭ 0.02), resulting in no difference in score between Pre and Post-2.
Cohort study: imaging data
Before the training (Pre), no significant differences in brain structure were detected in the GM-VBM, WM-TBSS, and connectivity of the eight specific tracts (bilateral IFGop-caudate, dorsal pathway, ventral pathway, and ILF) between the TG and the CG, supporting the homogeneity of the two groups. Further, we examined whether brain architecture at the Pre stage could predict L2 ability improvement gains after the training program in the TG. However, we failed to find significant correlations between the training-induced improvement of TOEIC scores and Pre-GM volume (VBM), Pre-FA values (TBSS), or Preconnectivity of the eight tracts (PDT).
The analyses of the MRI data (Post-1 vs Pre) identified training-induced increases in both GM and WM of the right hemisphere for the TG compared with the CG (significant timeby-group interaction). In the TG compared with the CG, VBM analysis identified significant increases in GM volume only in the right IFGop (5.1 Ϯ 2.3%), corresponding to the neural outcome of plastic changes induced by the L2 vocabulary learning (Fig. 2b) . The training-induced increases of GM volume in the right IFGop were correlated with those of TOEIC score (r ϭ 0.52, p ϭ 0.02).
In the TG, FA values increased from Pre to Post-1 in WM in the right sub-IFGop region (3.6 Ϯ 1.6%; Fig. 2c ). This increase in FA showed a strong tendency to correlate with the increase in TOEIC score (r ϭ 0.33, p ϭ 0.05). Using the PDT analyses, we further discovered learning-related increases in the connectivity parameter of the IFGop-caudate head pathway (4.5%Ϯ6.4, F (3,82) ϭ 7.83, p ϭ 0.01) and that of the dorsal pathway (3.7 Ϯ 6.4%, F (3,82) ϭ 6.72, p ϭ 0.01) in the right hemisphere (2-by-2 repeated-measures ANOVA). The homologous tracts in the left hemisphere did not show the corresponding changes (2.5 Ϯ 4.4%, F (3,82) ϭ 0.16, p ϭ 0.69 for the left IFGop-caudate connectivity; 2.7 Ϯ 5.2%, F (3,82) ϭ 0.16, p ϭ 0.65 for the left dorsal pathway connectivity; Fig. 3 ). There were no significant L2 training-induced connectivity changes in the ventral pathway (2.1 Ϯ 4.0%, F (3,82) ϭ 0.16, p ϭ 0.69 for the right; 1.9 Ϯ 4.5%, We re-examined L2 proficiency and brain structure of the participants in the TG a year after the completion of the training program. One-way repeated-measures ANOVA showed significant differences in GM (F (1.8, 38.6) ϭ 477.0, p Ͻ 0.001), FA (F (1.8, 38.6) ϭ 233.8, p Ͻ 0.001), and right IFGop-caudate connectivity (F (1.8, 38.6) ϭ 331.0, p Ͻ 0.001) across the three time points. Consistent with the aforementioned group comparison, post hoc comparisons (Tukey's HSD test) between Pre and Post-1 demonstrated significant increases in GM volume in the right IFG (p Ͻ 0.001), FA beneath the right IFGop (p ϭ 0.03), and connectivity between the right IFGop and caudate head (p ϭ 0.02). Furthermore, the increment of GM volume and FA values from Pre to Post-1 were significantly correlated (Fig. 4a) , suggesting parallel plastic changes in GM and WM. Nevertheless, post hoc comparisons (Tukey's HSD test) between Post-1 and Post-2 showed significant decreases in GM volume in the right IFGop (Ϫ4.3 Ϯ 2.5%, p ϭ 0.04) and FA beneath the right IFG (Ϫ3.7 Ϯ 4.2%, p ϭ 0.04). In addition, the decreases of GM volume from Post-1 to Post-2 were significantly correlated with those of FA values (p Ͻ 0.001, r ϭ 0.65; Fig. 4b) . That means the parallelism of the "negative" changes in GM and WM. We also noticed a non-negligible trend toward decreases in right IFGop-caudate head connectivity (Ϫ2.3 Ϯ 8.1%, p ϭ 0.05) in the connectivity of the dorsal pathway (Ϫ2.0 Ϯ 7.2%, p ϭ 0.06). Resultantly, no difference was found between the Pre and Post-2 values for any of the imaging parameters. These findings indicate that in most of the participants, training-induced behavioral values and macroscopic neural structure returned to the pretraining state, suggesting a phenomenon of neural "elasticity." Through the assessment of the Post-2 data, however, we noticed that three participants showed further improvement in L2 ability from Post-1 to Post-2 (8.3, 7.5, and 7.8% increases in TOEIC score), despite the overall decreases of the TOEIC score as a group. Two of those exceptional participants continued to study L2 to pass a certification examination, and one participated in a short-term study abroad program after finishing our training program. Even though these were anecdotal findings in a small number of participants, we deemed them important and performed a subgroup analysis: three participants with increased TOIEC score from Post-1 to Post-2 (continued subgroup) and the rest (n ϭ 21; discontinued subgroup). There were significant differences in changes of TOEIC score from Post-1 to Post-2 between the continued and discontinued (mean Ϫ21% Ϯ 8.5) subgroups (Mann-Whitney U test, p Ͻ 0.001). Intriguingly, the continued group showed increases in GM volume in the right IFGop (3.1, 2.9, and 2.5%, respectively) from Post-1 to Post-2 as opposed to the discontinued group (mean Ϫ4.5% Ϯ SD 1.2). The same held true for the FA value in the right sub-IFGop (2.8, 3.2, and 2.1%, respectively, for the continued group) as opposed to the discontinued group (mean Ϫ3.6% Ϯ 1.5; Fig. 4b ). These differences reached significance for the GM change ( p ϭ 0.001 by Mann-Whitney U test) and for the FA change ( p ϭ 0.001 by Mann-Whitney U test).
Discussion
Currently, international communication relies heavily on English. This fact imposes educational challenges to non-English native cultures in the rapidly globalizing world, prompting us to advance our understanding of the mechanisms of L2 acquisition. The human capacity for language relies on neural networks that orchestrate lexicosemantic, phonological, and syntactic subsystems, which should undergo adequate tuning for L2 learning. However, nonsyntactic aspects of L2 learning are scarcely understood hitherto. Here we focused on L2 vocabulary learning, which should involve the lexicosemantic and phonological subsystems. The present cross-sectional study showed that bilateral front-subcortical-parietotemporal areas, predominantly in the right hemisphere, might underlie superior L2 vocabulary ability in late L2 learners. The cohort experiment showed that the brain architecture before learning could not predict the future gain in L2 ability after learning. This finding argues against the idea that privileged persons with developed language network have advantages in L2 learning, although it holds true for discriminating speech sounds of unfamiliar L2 (Golestani and Pallier, 2007; Golestani et al., 2007) . This discrepancy suggests that relative importance of predispositions and environmental effects may differ, depending on which aspects of L2 should be learned. The cohort experiment clearly disclosed that the gains and losses of L2 ability correlated with increases and decreases, respectively, of GM structure and WM connectivity. This longitudinal consistency of the behavior-structure relationship within individuals highlights the notion that use-dependent plastic changes of neural networks underlie L2 learning. No overall gains of TOEIC score in the Post-2 suggested that the present e-training protocol was not sufficiently effective in leaving a long-term signature of L2 vocabulary learning. Note, however, that the loss of L2 ability measured by the behavioral test does not necessarily mean that the once-remembered items had completely disappeared from long-term memory. It is also possible that the items could not be retrieved in a contextually timely manner. Such presumable mechanisms agree with reduction of connectivity (i.e., disconnection) between the frontal executive areas and temporoparietal cortices. Recent imaging studies have begun to show GM/WM changes related to learning. Biological interpretations of those imaging measures are still challenging. Many possible mechanisms could be involved: neurogenesis, gliogenesis, synaptogenesis, and vas- cular changes for GM, and remodeling of the myelin sheath and activity-dependent axonal changes for WM reorganization indexed by FA (Scholz et al., 2009; Zatorre et al., 2012) . Recently, an animal experiment associated increases in FA with increased expression of a marker of myelination (Blumenfeld-Katzir et al., 2011 ). An important finding here was that the bidirectional changes of the behavioral, GM, and WM parameters paralleled each other, in contrast to a previous study showing discrepancy between training-induced changes in GM and WM (Taubert et al., 2010) . The coupling of behavioral, GM, and WM changes supports that learning depends upon experience-dependent activities correlated across connected regions (Fields, 2005; Zatorre et al., 2012) . The present study has provided the first compelling evidence for increased connectivity of specific tracts underlying L2 ability and acquisition. We found that the IFGop constituted networks with important language-related nodes: the STG/SMG (Price et al., 1999; Price and Crinion, 2005; Saur et al., 2008; Carreiras et al., 2009 ) and the caudate nucleus (Crinion et al., 2006; Friederici, 2006) . The IFGop and caudate nucleus probably constitute the corticobasal ganglia circuits relevant to language processing and learning. Impairments of the caudate nucleus are identified in people with mutation of FOXP2, which is an important genetic predisposition for language acquisition (Liégeois et al., 2003; Enard et al., 2009 ). Additionally, caudate activity underlies lexicosemantic control in bilinguals (Crinion et al., 2006) , and reduced striatal dopamine releases impair language processing (Tettamanti et al., 2005) . The corticobasal ganglia circuits are suggested for reward-based reinforcement learning since they receive both contextual information from the cortex and reward signals from dopaminergic neurons (Doya, 2008) . Reinforcement learning might play a part in enhancing executive control of the IFG over the mechanisms for acquiring L2 vocabulary.
We found increased connectivity of the "dorsal pathway," corresponding mainly to the temporal part of AF involved in phonological processing (Rilling et al., 2008) . AF underlies successful associative learning between sounds and words (Wong et al., 2011; Yeatman et al., 2011) . AF may thus integrate phonological and semantic aspects of L2 vocabulary. The predominant involvement of the phonological subsystem in L2 vocabulary learning agrees with the present finding showing little connectivity changes in the ventral pathway and ILF, which are involved mainly in semantic processing (Saur et al., 2008) . The predominant involvement of the dorsal pathway suggests that phonology learning may have played a pivotal role in the present L2 training paradigm. A future study, however, will be needed to dissect the substrates for the lexicosemantic and phonological aspects of L2 vocabulary learning.
A rather surprising outcome was that the IFGop-caudate-STG/ SMG network correlated with L2 vocabulary competence and its learning-induced plastic changes were lateralized to the right hemisphere. These observations appear to contradict with mounting evidence indicating significance of the left hemispheric language areas for L2 (Tettamanti et al., 2002; Musso et al., 2003; Abutalebi and Green, 2007; Abutalebi et al., 2008; Sakai et al., 2009; Mårtensson et al., 2012; Schlegel et al., 2012; Ghazi Saidi et al., 2013) . Moreover, learning of new languages induces plastic changes in GM and WM in the left hemisphere (Schlegel et al., 2012) . In early learning stages, however, the right frontal cortex is involved in acquisition of artificial grammar and natural language (Fletcher et al., 1999 (Fletcher et al., , 2005 Tettamanti et al., 2002; Musso et al., 2003) . Recent evidence has begun to highlight the importance of the right hemisphere for vocabulary and phonological aspects of L2 processing. The right STG/SMG is involved in non-L1 vocabulary learning (Smith et al., 2006; Jeong et al., 2010; Raboyeau et al., 2010; Veroude et al., 2010) . We previously showed that right IFGop activity for switching phonology from L1 to L2 was correlated with L2 vocabulary levels (Hosoda et al., 2012) . Others showed enhanced activity in the right prefrontal areas during picture naming in L2 (Videsott et al., 2010) , coupling of right IFG activity with proficiency of word production in L2 (Calabrese et al., 2001; Vingerhoets et al., 2003; van Ettinger-Veenstra et al., 2010) , and involvement of the right hemisphere in the control of verbal interference in bilinguals (Filippi et al., 2011) . Moreover, a case study suggested an essential role of the right IFG for L2 (April and Tse, 1977) ; a dextral late bilingual patient suffering from a right IFG lesion had severe difficulty in finding words and reading more in L2 than in L1. Hence, evidence certainly supports the roles of the right IFG and STG in nongrammatical aspects of L2 usage, although they may not be as well recognized as the correlates of L2 compared with the left counterparts. Error bars indicate SEM. Asterisks show significance differences with p Ͻ 0.05. h, The red and blue areas represent the group-averaged dorsal pathway tractography including AF and SLF in the right and left hemispheres, respectively (data from Post-1 in TG). i, Mean changes in the left dorsal pathway connectivity parameter from Pre to Post-1 in CG and from Pre to Post-1 and Post-2 in TG. j, Changes in the left dorsal pathway connectivity parameter did not correlate with the change in the total TOEIC score. k, Changes in the right ventral pathway (IFGtri-MTG) parameter were not significantly correlated with improvement in the total TOEIC score. l, Changes in the right ventral pathway connectivity parameter from Pre to Post-1 in CG and from Pre to Post-1 and Post-2 in TG. m, The red and blue areas represent the group-averaged ventral pathway tractography in the right and left hemispheres, respectively (data from Post-1 in TG). n, Mean changes in the left ventral pathway connectivity parameter from Pre to Post-1 in CG and from Pre to Post-1 and Post-2 in TG. o, Changes in the left ventral pathway connectivity parameter did not correlate with improvement in the total TOEIC score. The connectivity parameters for the inferior longitudinal fascicles did not change in either hemisphere (data not shown). R, right; L, left.
Figure4. CorrelationbetweenGMandWMchangesinducedbyL2training.a,ChangesinGMvolume(abscissa)andFA(ordinate)from Pre to Post-1 in TG. The plots show significant correlation between GM volume and FA changes (p ϭ 0.03). b, Changes in GM volume and FA from Post-1 to Post-2. The plots show significant correlation between GM volume change and FA change (p Ͻ 0.001, r ϭ 0.65). The circles indicate participants with decreased TOEIC scores and the triangles indicate subjects with increased TOEIC scores from Post-1 to Post-2.ThefilledcirclesindicateparticipantswhoshoweddecrementofthetotalTOEICscoresfromPost-1toPost-2whilethefilledtriangles indicate participants who showed increment of the total TOEIC scores for the same period (see main text for the subgroup analysis).
A limitation of the cohort experiment was no behavioral control over CG during the training period. Although we cannot completely exclude the effects of nonlanguage e-learning factors on the traininginduced changes, we considered them unlikely as the sole explanation of the learning-induced plastic changes because of the following reasons. First, there was no correlation of the total e-training time with the GM/WM changes. Second, previous long-term computerlearning studies did not report changes of right IFG, caudate nucleus, or STG (Takeuchi et al., 2010; Wan et al., 2012) . Consistently, preliminary results from our computer-based sequence learning experiment for 10 weeks failed to find changes in the right IFGop, caudate nucleus, or STG (C. Hosoda, M. Honda, T. Hanakawa, unpublished observation).
Paucity of evidence allows us only to speculate specific functions of the right IFGop in L2 vocabulary learning. We theorize that the right IFGop might link lexicosemantic-phonological knowledge between L1 and L2. For late L2 vocabulary learning, one should associate new L2 vocabulary temporarily represented in short-term memory with existing L1 vocabulary represented in the left hemisphere. This agrees with a finding that acquisition of new L2 phonology recruits the left-lateralized language network (Paulesu et al., 2009) . However, more long-term encoding-retrieval processes may modify bilateral networks since the right prefrontal areas are important for accessing to long-term memory (Ranganath et al., 2007) . Another simple, yet plausible, explanation is a spillover of language representations/control functions from the left to the right hemisphere. This could be particularly important here since Japanese is one of the most linguistically distant languages from English (Chiswick and Miller, 2005) . The spillover concept is consistent with findings that mathematics/arithmetic experts show greater right hemispheric activity than control subjects for whom left hemispheric activity is more relevant (Hanakawa et al., 2003; Aydin et al., 2007) . These findings may characterize a repertoire of usedependent dynamic reorganization of the brain. A dramatic example is a child who shifted the originally left hemispheric language centers to the mirror-reversed, right hemispheric sites after surgical removal of the left hemisphere (Hertz-Pannier et al., 2002) . Language experience-dependent changes may likely occur in the right IFG because of weaker genetic influences on the right IFG compared with the left (Thompson et al., 2001 ).
In conclusion, the present study indicates that the macroscopic reorganization of the IFGop-caudate-STG network, especially on the right, can underlie L2 vocabulary learning in adults (1500/1500 words).
